Background {#Sec1}
==========

Amyloid-beta (Aβ) has been proposed as a key neuropathological contributor in Alzheimer's disease (AD) \[[@CR1]\] and modulation of amyloid load in Alzheimer patients has been the focus of many clinical trials, but with mixed results \[[@CR2]\]. However, clear insights into the dynamics of various Aβ monomeric, oligomeric and aggregated forms, their impact on cognitive readouts and the effect of various therapeutic interventions with amyloid antibodies on the distribution of different forms in human patients are lacking. In addition, transgene animal models often use nonrealistic Aβ levels in order to amplify the pathology and improve identification of therapeutic drug interventions.

Recent stable isotope labeling kinetics (SILK) studies in humans have allowed one to numerically constrain the synthesis rates of Aβ and kinetic models have been developed to account for these observations \[[@CR3], [@CR4]\]. These results confirm the relatively greater level of the shorter Aβ40 over the longer Aβ42 form and suggest that the human brain cares less about restricting Aβ40 levels. In addition, a number of preclinical studies suggest a different role for short versus long Aβ forms. Notably, evidence has been presented for the shorter Aβ40 form having a beneficial neurostimulatory effect on synaptic function \[[@CR5]--[@CR7]\]. An important question is whether a similar process is active in the human AD brain. Given that the oligomeric Aβ40 and Aβ42 peptides are probably the species that differentially affect synaptic function \[[@CR8]\], how do changes in both Aβ levels impact clinically relevant cognitive outcomes as measured by the ADAS-Cog?

In this paper, we propose to address these questions using a mechanism-based computer simulation of complex networks. This approach called quantitative systems pharmacology \[[@CR9]\] (QSP) has been applied in other indications, such as cardiovascular disorders, metabolic disorders and inflammation \[[@CR10]\] and in the CNS \[[@CR11]--[@CR13]\], and is increasingly being studied for its possible applications in regulatory decisions \[[@CR14]\]. Basically such an approach allows one to combine a wide variety of different datasets with a formalized form of domain expertise, essentially generating parts of 'virtual' human patients and partially mitigating translational issues associated with rodent models \[[@CR15]\].

We use a neuronal network computer model that incorporates the biological effects of these two peptide forms on glutamate neurotransmission and the nicotinic α7 receptor (nAChR) in order to generate an output that is proportional to a cognitive scale such as the ADAS-Cog. This ADAS-Cog calibrated model has been described before \[[@CR16]\] and has been able to correctly predict an unexpected clinical outcome for a novel candidate Alzheimer drug \[[@CR12]\]. Such a model would be amenable to be constrained by clinical data, as the predicted cognitive outcomes can be compared to the observed clinical effects.

As with any modeling approach, we will constrain the parameters such that the QSP model can reproduce clinical datasets. We will focus on the following clinical datasets: the absolute ADAS-Cog values for minimal cognitive impairment (MCI) subjects with and without Aβ load \[[@CR17]\]; the impact of Aβ on cholinergic dysfunction in MCI patients \[[@CR18]\]; and the effect of differential Aβ clearance associated with the APOE genotype on the cognitive trajectory \[[@CR19]\]. This will also allow us to calibrate the unit of amyloid load in the model using clinical data on the relation between amyloid imaging and cognitive status in MCI patients \[[@CR17]\], and most importantly to derive ranges for the different parameters in the model that are consistent with the observed clinical datasets.

With these parameter values fixed, we will then study the impact of beta-secretase, gamma-secretase inhibition and passive vaccination of soluble amyloid peptides by solanezumab on a cognitive readout using their reported pharmacodynamic effects on various forms of Aβ in clinical trials.

Methods {#Sec2}
=======

The general modeling pipeline is illustrated in Fig. [1](#Fig1){ref-type="fig"}. The neurophysiological effects of various forms of Aβ40 and Aβ42 on glutamate and α7 nAChR neurotransmission are implemented (see later) in a humanized and ADAS-Cog calibrated cortical computer model as described before \[[@CR12], [@CR16]\].Fig. 1Modeling pipeline for simulating effect of changes in Aβ40 and Aβ42 concentrations on cognitive outcome. For each value of Aβ40 and Aβ42 (monomer, dimer and trimer) levels (left matrix), the effect on changes in excitatory--excitatory (e-e) NMDA conductance and α7 nAChR activation is derived from the coupling equations (top and bottom graphs, respectively) and the outcome on a cognitive neuronal network is calculated for the whole 17 × 17 matrix. Top figure shows the relationship between Aβ40 and Aβ42 load and e-e NMDA conductance with maximum value δ at position *x*~0~ and slopes α and α\*. Bottom figure illustrates the relationship between Aβ load and α7 nAChR inactivation with slope β. We calculate the cognitive outcome matrix for a baseline value and for six different disease states (MCI, and mild-to-moderate AD patients at time 0, 12, 26, 52 and 78 weeks). Aβ load (left matrix) of an AD patient can be defined for any region, such as the one in gray which shows a possible low Aβ load case (the high Aβ load case would be everything outside the gray area) and its cognitive status can be determined by averaging the range of results at a particular time (the gray line in the right graph). Similarly, for any change in Aβ40 and Aβ42 low-order aggregates load as a consequence of disease pathology or therapeutic interventions over time span Δ*T* (going from one box to another box in the Aβ load matrix), corresponding changes in ADAS-Cog can be calculated based on their impact on cognitive readout changes using their glutamate (Glu) and α7 nAChR-mediated effects. Aβ amyloid-beta, ADAS-Cog Alzheimer Disease Assessment Scale, cognitive subscale, NMDA *N*-methyl-[d]{.smallcaps}-aspartate

Basically, the cortical computer model simulates the firing dynamics of a biophysically realistic multicompartment network of 80 prefrontal cortex glutamatergic pyramidal cells and 40 GABAergic interneurons, with full implementation of dopaminergic, serotonergic, noradrenergic and cholinergic modulation effects at their appropriate locations and coupled to their specific downstream voltage-gated ion channels. While this platform has been designed using in-vivo electrophysiological single-unit recordings in nonhuman primates \[[@CR20]\] performing a working memory task, and therefore probably only reflects the maintenance phase of a working memory task, the outcome could be generalized to the strength of a memory trace \[[@CR16]\].

Based on the level of Aβ40 and Aβ42 low-order aggregates (monomer, dimer and trimer), we implement a dose-dependent and isoform-dependent interaction on glutamatergic and nicotinic neurotransmission (Fig. [1](#Fig1){ref-type="fig"}). Low-dimension Aβ40 aggregates (monomer, dimer and trimer) have a complex effect on synaptic transmission \[[@CR5], [@CR21]\], with a stimulatory effect at low doses of Aβ40 and an inhibitory effect for high doses of Aβ40. Aβ42, on the other hand, decreases glutamatergic transmission monotonically over the whole dose range.

We implemented the glutamatergic effect of Aβ by modifying the maximum *N*-methyl-[d]{.smallcaps}-Aspartate (NMDA) conductance on excitatory to excitatory synapses mathematically as follows. We define *x* to be the Aβ40 load and *y* to be the Aβ42 load (monomer, dimer and trimer). We discretize the load size by allowing *x* and *y* to range from 0 to 16, a scale fine enough to see differences but coarse enough to be computationally efficient. With *x*~0~ being the Aβ40 low aggregate load corresponding to the maximal positive effect on NMDA conductance, we define the effect on NMDA conductance, *g*, with δ being the maximal relative effect as follows:$$\documentclass[12pt]{minimal}
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Thus, the NMDA conductance continues to grow linearly with Aβ40 load, *x*, until *x* = *x*~0~ to a value of 1 + δ and then declines with slope α. NMDA conductance monotonically decreases with increasing Aβ42 load with slope α\*. We assume *x*~0~ to be 2, so that we have a large dynamic range for Aβ modulated processes (but see [Sensitivity analysis](#Sec11){ref-type="sec"}).

Similarly, when considering the effect of Aβ40 and Aβ42 load on α7 nAChR function, we define a coupling factor β (here the effects for the two Aβ forms are identical) so that:$$\documentclass[12pt]{minimal}
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This results in a 17 × 17 matrix of values for the effect of both Aβ forms with changes in glutamate and on nicotinic neurotransmission as dimensions. We will restrict the values for δ, α, α\* and β using clinical data (see [Results](#Sec7){ref-type="sec"}).

We simulate the neuronal network outcome in the 17 × 17 matrix for each of the different disease states (corresponding to MCI, and AD at 0, 12, 26, 52 and 78 weeks trial duration; see \[[@CR16]\]). For each (Aβ40, Aβ42) load (*x*, *y*), we then calculate the impact on both glutamatergic and nicotinic transmission using Equations (1A), (1B) and (2) to determine the result in the anticipated ADAS-Cog outcome (Fig. [1](#Fig1){ref-type="fig"}). The simulations are performed in NEURON Release 7.2 \[[@CR22]\].

Alzheimer pathology and amyloid deposition {#Sec3}
------------------------------------------

AD pathology is introduced as a cholinergic deficit \[[@CR23]\] of 30% in addition to a progressive loss of neurons and synapses \[[@CR16]\], except for the case of MCI where a compensatory increase of 30% is used \[[@CR24], [@CR25]\]. Progressive neurodegeneration is simulated as a linear loss of neurons (at 0.35%/week) and synapses (0.04%/week), values that were constrained from historical clinical trials. We assume this neuronal degeneration is independent from Aβ deposition (see [Discussion](#Sec13){ref-type="sec"}). In this study, amyloid deposition as a function of trial duration is arbitrarily set at 1 unit/13 weeks for both Aβ40 and Aβ42. As the concentration of Aβ40 is about 10-fold higher than Aβ42, the corresponding units are likely also 10-fold different. Although Aβ deposition is a balance between formation and clearance, this value assumes linear growth and helps to quantify the arbitrary units of Aβ load; that is, 1 unit is the amount of increased Aβ in a 13-week period for the APOE4^+/−^ heterozygote situation (see also the following).

Calibration of the network {#Sec4}
--------------------------

This ADAS-Cog model has been calibrated before \[[@CR16]\] based on clinical trials with 28 different retrospective historical treatment outcomes in a mild-to-moderate AD population with MMSE between 18 and 24 and followed for 78 weeks, resulting in correlations (*R*^2^) above 0.6. The drug--dose combinations include placebo values from the flurbiprofen and tarenflurbil trial at 72 weeks, two doses and three time points for donepezil and rivastigmine, three doses and three time points for galantamine, and two doses and two time points for the 5-HT6 antagonist SB742457 for a population of mild-to-moderate AD patients. In addition, correlation coefficients at each individual time point (12, 26 and 52 weeks) are consistently above 0.50 and statistically significant at the *p* \< 0.05 level \[[@CR16]\].

Absolute baseline ADAS-Cog values are in the 20--22 range dependent upon the APOE genotype. For MCI patients, we have a similar relationship, but with an ADAS-Cog baseline value of 4.5 for healthy cognitively normal controls.

Scopolamine {#Sec5}
-----------

The effect of scopolamine on the relevant receptors in the working memory model, M~1~ mAChR and α~4~β~2~ and α~7~ nAChRs (indirect effect though the presynaptic M~2~ mAChR autoreceptor), is modeled in the receptor competition model \[[@CR26], [@CR27]\] using its affinity for M~1~ and M~2~ mAChR (*K*~*i*~ for M~1~ and M~2~ = 1.1 and 1.22 nM, respectively; data from the standardized PDSP database: <https://pdspdb.unc.edu/pdspWeb/> \[[@CR28]\]). Basically, this model simulates the competition between an endogenous neurotransmitter (here ACh) and scopolamine for postsynaptic cholinergic receptors, based on realistic firing frequencies to determine an average postsynaptic receptor activation that can be used in the working memory model. Note that M~2~ mAChR is implemented as a presynaptic autoreceptor with the appropriate negative feedback coupling on subsequent ACh release \[[@CR29]\] (for more details see \[[@CR16]\]) and that therefore scopolamine affects the activation state of both α~4~β~2~ and α~7~ nAChR with direct effects on Aβ (through its interaction on the same α~7~ nAChR receptor) and indirect effects by adjusting the excitation--inhibition balance (through α~4~β~2~ nAChR regulating GABA release).

APOE genotype {#Sec6}
-------------

We implement the effect of APOE4 in two ways: by adjusting the density of cortical synapses, by −20% for APOE4^+/+^ and by +20% for APOE4^−/−^ relative to the APOE4^+/−^ heterozygote genotype (for a review see \[[@CR30], [@CR31]\]); and by changing the deposition rate of Aβ to 1.50 units/13 weeks for APOE4^+/+^ and 0.50 units/13 weeks for APOE4^−/−^, a 50% difference compared to the deposition rates of the heterozygote APOE4^+/−^ form at 1 unit/13 weeks \[[@CR31]\].

Results {#Sec7}
=======

Constraining system parameters using clinical data {#Sec8}
--------------------------------------------------

The first major challenge is to obtain good estimates of the various parameters, notably *x*~0~, the position of the Aβ40 peak, δ, the magnitude of the Aβ40 beneficial effect, and α, α\* and β, the slopes related to the reduction by both Aβ forms on Glu and nAChR neurotransmission, respectively, in addition to the 'units' of Aβ load. Ranges of parameter values must be able to reproduce clinically observed datasets. Once we set the relation between Aβ units and the standard uptake value ratio (SUVR) of amyloid imaging in the next section, we then simulate the outcome of two clinical experiments: the effect of scopolamine on cognition in MCI subjects with and without Aβ load \[[@CR18]\]; and the effect of APOE genotype on cognitive trajectory in placebo-treated AD patients \[[@CR19], [@CR32]\].

To relate the Aβ levels (from 0 to 16 'units') in the ADAS-Cog calibrated computer model to an experimentally determined value such as the SUVR, we studied the impact of Aβ on cognitive readout in an MCI model. Clinical data (see Table 1 in \[[@CR17]\]) suggest that MCI patients with Aβ-positive load (average SUVR = 1.5 measured with florbetapir) have a baseline ADAS-Cog value of 10.8 vs 8.5 for subjects without Aβ load (average SUVR = 1.0). Normal elderly controls have an ADAS-Cog value of 5.6 and 4.1, respectively.

We simulate an MCI patient population in the cognitive model using a 3% decrease in synapse and neuron density in addition to a 30% increase in cholinergic tone \[[@CR25]\]. We start from the value of 4.1 as the best performance of this computer model (in the absence of any Aβ load) and consider the average simulated outcome for a population within the 17 × 17 Aβ load matrix below and above a specific cutoff value that would result in the values for the ADAS-Cog mentioned earlier (see gray box in Fig. [1](#Fig1){ref-type="fig"}). For *x*~0~ = 2, δ = 0.015, α = 0.0015, α\* = 0.00035 and β = 0.025, the average anticipated ADAS-Cog value in the QSP model for MCI patients amounts to 10.4 for all subjects with *x* \> 2 and *y* \> 2 (called Aβ+) and 7.4 for subjects with *x* ≤ 2 and *y* ≤ 2 (called Aβ--), the closest we can get to the measured 10.8 and 8.5 values respectively (see Fig. [2](#Fig2){ref-type="fig"}). This would fix the cutoff value between Aβ + and Aβ-- load to be 3 units in our model.Fig. 2Absolute ADAS-Cog predictions in an MCI 'virtual patient' for different cutoff values for Aβ + and Aβ-- imaging SUVR values. Reported ADAS-Cog values are 8.5 for MCI Aβ-- patients and 10.8 for MCI Aβ + patients (blue and green horizontal lines, respectively). Cutoff values define the gray area in the Aβ load matrix of Fig. [1](#Fig1){ref-type="fig"}. For the optimal parameter set for δ, α, α\* and β (*x*~0~ fixed at 2), the average ADAS-Cog prediction for Aβ-- and Aβ + MCI subjects is shown by the green triangles and diamonds, respectively. At a cutoff value of 3, both predicted values (7.8 for Aβ-- and 10.7 for Aβ + subjects) are near the clinical values. For the situation of δ = 0 (same values for α, α\*, β and *x*~0~), the average ADAS-Cog prediction for Aβ-- patients and Aβ + patients is shown by the red triangles and diamonds  (8.4 for Aβ-- and 14.2 for Aβ + subjects, respectively). In this case, while the Aβ-- MCI subjects cross the blue line in the correct range, the Aβ + MCI subjects result in an ADAS-Cog readout that is much greater than the Aβ + reported clinical values (green line). This suggests that the condition δ = 0 (no beneficial effect of Aβ40) is unable to reproduce this clinical outcome. Aβ amyloid-beta, A--β subjects with *x* ≤ 2 and *y* ≤ 2, Aβ + subjects with *x* \> 2 and *y* \> 2, ADAS-Cog Alzheimer Disease Assessment Scale, cognitive subscale, MCI minimal cognitive impairment

With slopes α, α\* and β constant, increasing δ also significantly increases the cutoff value in order for a difference of between 2 and 3 points for Aβ + vs Aβ-- MCI subjects to occur. This makes sense as increasing δ with constant slope α necessitates a larger Aβ40 load that would give an inhibitory effect on Glu neurotransmission. This is equivalent to increasing the gray box in the Aβ load matrix of Fig. [1](#Fig1){ref-type="fig"}. Increasing α\* (greater contribution of Aβ42) generally results in lower cutoff values, as cognitive worsening (higher absolute ADAS-Cog scores) is amplified by Aβ42 contribution. This is equivalent to decreasing the gray box in the Aβ load matrix of Fig. [1](#Fig1){ref-type="fig"}.

Interestingly, when δ = 0 (i.e., assuming no beneficial effect of Aβ40), the lowest ADAS-Cog value in this MCI population with Aβ + load is about 14 at a cutoff value of 2 units, increasing to 17 at a cutoff value of 15 units. In this case, there are no values that would match the observed clinical outcomes on the ADAS-Cog (Fig. [2](#Fig2){ref-type="fig"}). We will address this issue in detail in a later section.

For higher values of *x*~0~ (resulting in more matrix points with beneficial outcomes on glutamate neurotransmission), this cutoff value increases. In order to have a large dynamic range for Aβ modulation to work with, we fix *x*~0~ (position of maximal beneficial effect of Aβ40) at 2 (but see also later). Therefore, the best parameter sets in accordance with the observed ADAS-Cog difference suggests a value of 3 units in our computer model that corresponds to a SUVR of 1.34 \[[@CR33]\] when measured with florbetapir.

This cutoff value of 3 units in our model also defines the amyloid-positive and negative patient subgroups in the subsequent simulations on the effect of scopolamine in MCI patients and APOE genotype in AD patients (see later for a more detailed sensitivity analysis).

Amyloid-beta and scopolamine-induced cognitive deficit in a model of MCI subjects {#Sec9}
---------------------------------------------------------------------------------

This section deals with the impact of Aβ load on cholinergic dysfunction caused by scopolamine treatment in a model of an MCI patient population. A clinical study in unmedicated healthy MCI patients \[[@CR18]\] indeed suggests that amyloid load affects the recovery after scopolamine application with a higher sensitivity for Aβ + MCI subjects.

As already mentioned, we simulate an MCI patient population in the model using a 3% decrease in synapse and neuron density in addition to a 30% increase in cholinergic tone \[[@CR25]\]¸ derived the dose--response of scopolamine for low (Aβ--) and high (Aβ+) Aβ loads based on the cutoff value of 3 units as defined earlier in the cognitive network model, and extrapolated the results to the 2-back working memory paradigm using the calibration derived earlier on the 2-back working memory model \[[@CR34]\].

Figure [3](#Fig3){ref-type="fig"} shows the dose--response of scopolamine for Aβ-- and Aβ + MCI patients for δ = 0.025, α = 0.002 and α\* = 0.002. Because the slope for Aβ + is greater in magnitude than for Aβ--, under these conditions the system becomes more sensitive to scopolamine under the positive amyloid load condition. The case of a more sensitive dose--response for scopolamine in Aβ + MCI subjects can be achieved for δ ≥ 0.02 and for α and α\* ≤ 0.0025. The absolute values of the slopes increase with higher coupling α between Aβ and Glu neurotransmission, but the relative difference remains constant; this is likely due to the indirect effect of α7 nAChR on glutamate levels and the balance with α4β2 nAChR-mediated GABA tone due to scopolamine. Indeed, scopolamine indirectly affects nicotinic receptor activation levels through its inhibition of the presynaptic M~2~ muscarinic autoreceptor that elevates synaptic ACh levels. Increasing α\* (greater contribution of Aβ42-mediated decrease in Glu neurotransmission) enhances the differences in slopes (data not shown).Fig. 3Dose--response of scopolamine-mediated cognitive deficits in a MCI population with low and high Aβ load corresponding to 3 units of Aβ load in our model for δ = 0.025, α = 0.002 and α\* = 0.002. Slopes for the Aβ-- and Aβ + conditions are −1.08 and −1.36% correct answers/nM scopolamine, respectively, for a 2-back working memory (WM) test. Model outcome suggests that higher Aβ load makes the system more sensitive to scopolamine; that is, a greater deficit for the same scopolamine dose that would correspond to the clinically observed slower recovery after scopolamine in MCI subjects. Pharmacodynamic interaction with Aβ can have important consequences as standard of care for AD patients often includes procholinergic compounds. Aβ amyloid-beta, Aβ-- subjects with *x* ≤ 2 and *y* ≤ 2, Aβ + subjects with *x* \> 2 and *y* \> 2

Again when δ = 0 (i.e., no beneficial effect of Aβ40), slopes for the Aβ-- patients (x ≤ 2 and *y* ≤ 2) are greater (--1.54% accuracy loss per nM scopolamine dose) than for Aβ + subjects (−1.42% accuracy loss per nM scopolamine). A more detailed sensitivity analysis will be reported in a later section.

Impact of APOE genotype on amyloid-beta-mediated cognitive trajectory {#Sec10}
---------------------------------------------------------------------

We subsequently studied the impact of the APOE genotype on the cognitive trajectory of a 'mild-to-moderate AD' virtual patient population with different baseline Aβ loads over a total of 78 weeks. Again, we assume a linear increase of the different Aβ peptides at 0.5, 1 and 1.5 units/13 weeks, respectively for APOE4^−/−^, APOE4^+/−^ and APOE4^+/+^ (see [Methods](#Sec2){ref-type="sec"}).

Figure [4a](#Fig4){ref-type="fig"} illustrates the cognitive trajectory of 'virtual patients' with the APOE genotype for patients with a 'mild baseline' Aβ + load (4units which is  above the cutoff level of 3). The results suggest that in these conditions the progression rate of the ADAS-Cog is relatively independent of the APOE genotype.Fig. 4**a** Simulated outcome of APOE genotype on changes in ADAS-Cog for placebo patients with mild Aβ starting load (4 units) over 78 weeks with APOE4^+/+^ genotype implemented as having lower synaptic density (−20%) and lower clearance of Aβ. Platform outcome suggests that under these conditions APOE merely drives the baseline difference but does not affect disease progression. **b** Slopes of glutamate coupling (expressed as change in ADAS-Cog per % change in glutamate neurotransmission) as a function of disease progression (measured from start of a trial in a mild-to-moderate AD population) and APOE4 genotype. In the pathological state, defined by a range between 12 and 34 weeks into the trial, the system is maximally sensitive to NMDA conductance changes and therefore to Aβ-mediated effects. Note that while the APOE4^+/+^ genotype has a greater sensitivity to Aβ load changes in the early pathology stages, the trend is reversed at more extensive pathology. However, with greater Aβ loads seen at later pathology stages, the range available to see an effect is reduced. This would also suggest that changes in amyloid levels from therapeutic interventions tend to have a maximal effect at 10--35 weeks in a trial with mild-to-moderate AD patients. ADAS-Cog Alzheimer Disease Assessment Scale, cognitive subscale, APOE apolipoprotein E, Glu glutamate

We subsequently tested the variation of the three APOE genotype-specific slopes of the cognitive trajectory as a function of different Aβ loads. Generally, the trajectories are more parallel (smaller variation) for APOE AD patients with higher Aβ + loads. This illustrates the complex pharmacodynamics relationship between synapse density, Aβ clearance (mediated by APOE4 genotype) and the differential effect of both peptides on glutamate and nicotinic neurotransmission.

Figure [4b](#Fig4){ref-type="fig"} illustrates the effect of glutamate conductance changes of the excitatory--excitatory synapses on the ADAS-Cog for different APOE genotypes. This is proportional to changes in Aβ load when isolated to the glutamatergic effects (i.e., modifying α and α\* for a fixed *x*, *y* or increasing *x* and *y* to show the effects of α and α\*). The system has a greater sensitivity at earlier time points (i.e., 12 and 26 weeks) compared to 52 and 78 weeks, with the slopes at 0 weeks somewhat intermediate with about 0.65 points on the ADAS-Cog per % change in Glu conductance at 12 and 26 weeks versus 0.4 points at 52 and 78 weeks. This suggests that the clinical effects of removing Aβ oligomers have a stronger effect earlier instead of later. There is a complex effect of the APOE4 genotype load in that APOE4^+/+^ subjects have different slopes compared to the APOE4^−/−^ subjects, which are 11%, 3% and 1% greater at 0, 12 and 26 weeks, and 8% and 10% smaller at 52 and 78 weeks.

When δ = 0 (i.e., no beneficial effect of Aβ40), the differences between the slopes of cognitive decline for APOE4^+/+^ genotype vs APOE4^−/−^ combinations are in the range of 10% (see also [Sensitivity analysis](#Sec11){ref-type="sec"}).

Sensitivity analysis: arguments for an Aβ40-mediated neurostimulatory effect in human subjects {#Sec11}
----------------------------------------------------------------------------------------------

A key assumption with a substantial implication is the presence of a neurostimulatory effect of short Aβ fragments in a specific dose range. As mentioned earlier, with δ = 0 we were unable to reproduce both the observed difference between MCI Aβ + and MCI Aβ-- on the ADAS-Cog or the greater sensitivity of the scopolamine dose--response in MCI Aβ + subjects.

We performed a systematic sensitivity analysis for parameters α, α\*, β and δ for a fixed value of *x*~0~ = 2 that would generate a model fulfilling all of the following three conditions as outlined in the previous three results sections: an outcome of 8.5 ± 1 points on the ADAS-Cog in MCI Aβ-- patients and of 10.7 ± 1 points for Aβ + MCI subjects with a cutoff value \< 4; a greater sensitivity to scopolamine in MCI Aβ + subjects; and a difference of at most 10% between cognitive trajectory slopes for APOE4^+/+^, APOE4^+/−^ and APOE4^−/−^ with the additional conditions that the APOE4^+/+^ genotype is at least 1.5 points worse than the APOE4^−/−^ at time 0 weeks.

Figure [5](#Fig5){ref-type="fig"} shows that all three conditions are met only when δ \> 0.02 and for α + α\* \> 0.003. We furthermore explored the parameter space for α, α\*, β and δ for a fixed value of *x*~0~ = 4 (i.e., greater than the Aβ+ cutoff value of 3). In this case, parameter values for all three conditions to be met shift to higher values, such that δ \> 0.03 and α + α\* \> 0.004 with a slight preference for higher β values.Fig. 5Systematic sensitivity analysis of model outcome for all key parameters of the model with *x*~0~ fixed at 2. Each cell lists which of three conditions are met: Condition 1, outcome of 8.5 ± 1 points on ADAS-Cog in MCI Aβ-- patients and 10.7 ± 1 points for Aβ + MCI subjects with cutoff value \< 4; Condition 2, greater sensitivity to scopolamine in MCI Aβ + subjects; Condition 3, maximum difference of 10% between cognitive trajectory slopes for APOE4^+/+^, APOE4^+/−^ and APOE4^−/−^ with the additional requirement that APOE4^+/+^ genotype is at least 1.5 points worse than APOE4^−/−^ at time 0 weeks. Only for some cells with δ \> 0.02 and (α + α\*) \> 0.003 are all three conditions are met simultaneously. Note that for δ = 0 (i.e., no protective effect of the short Aβ form), no case exists where all three conditions are met simultaneously

We use the values *x*~0~ = 2, δ = 0.025, β = 0.03, α = 0.002 and α\* = 0.002 for the analysis in the next section.

Therapeutic amyloid-beta interventions on anticipated clinical outcome {#Sec12}
----------------------------------------------------------------------

In this section, we simulate the effect of changes in levels of Aβ oligomers with therapeutic interventions such as solanezumab, BACE inhibitors (BACE-I) and gamma-secretase inhibitors (GSI) on the anticipated ADAS-Cog outcome. We introduce real clinical target engagement data (i.e., changes in soluble Aβ40 and Aβ42 levels) from the Expedition I and II trials with solanezumab \[[@CR35]\], the gamma-secretase inhibitor semagacestat \[[@CR36]\] and the BACE inhibitor verubecestat \[[@CR37]\]. Both the BACE inhibitor (80--90% reduction in Aβ40 and 60--80% for Aβ42) and the gamma-secretase inhibitor (30--50% reduction for Aβ40 and 15--30% for Ab42) affect Aβ40 more than Aβ42, while the inverse is true for solanezumab (5--10% inhibition of Aβ40 and 30--50% reduction of Aβ42). These measurements mostly report monomer Aβ forms with a small contribution from dimers and trimers. Reduction in monomer levels likely leads to reduced oligomeric forms, as they are formed from combinations of monomers although a smaller fraction might come from breakdown of larger aggregates. Therefore, here we assume that these changes in clinically measured soluble Aβ levels reflect the level of oligomeric central Aβ and are present for the whole duration of the clinical trial with steady-state kinetics achieved relatively rapidly.

We simulated the anticipated cognitive trajectory for two different baseline Aβ loads as defined by amyloid imaging and converted to 'units' in the computer model outlined earlier. Placebo patients increase their Aβ load by 1 unit/13 weeks and their cognition at 78 weeks worsens by 8.5--10 points on the ADAS-Cog dependent upon their amyloid baseline status (from calibration using historical clinical trials \[[@CR16]\]). Note that the ADAS-Cog worsening is for a very large part due to a continuous loss of synapses and neuronal cells caused by nonamyloid toxicity. Patients on the active drugs have a proportionally lower Aβ40 and Aβ42 increase according to their biomarker change; for instance, in the case of a low dose of GSI, a 40% reduction in Aβ40 and a 20% reduction in Aβ42 corresponds to an increase of 0.6 units along the Aβ40 axis and 0.80 units along the Aβ42 axis/13 weeks. Furthermore, we sample a 3 × 3 matrix around the Aβ load at that particular time point; that is, for a patient at Aβ load of *x* = 4 and *y* = 4 we take the average of the 3 × 3 matrix, 3 ≤ *x* ≤ 5 and 3 ≤ *y* ≤ 5. Treatment with active drugs often results in fractional units (see earlier); in that case we take a weighted average so that the mass average of the Aβ load corresponds to the actual load. For instance, in the earlier example, while placebo subjects move to point 5 from 0 to 12 weeks with nine equal weightings between 4 and 6, the outcome for a subject on low-dose BACE-I (reducing Aβ40 by 80% and Aβ42 by 60%) is calculated using a weighting factor of 0.73, 0.33 and −0.06 for the Aβ40 units of 4, 5 and 6; similarly, for Aβ42 the weighting factors are 0.64, 0.33 and 0.03.

For patients starting at a negative or low  Aβ load (SUVR \< 1.1 or \< 3 units in the model), BACE-I tends to worsen cognition over the whole trial duration (Fig. [6a](#Fig6){ref-type="fig"}) with losses of 1--2 points on the ADAS-Cog, GSI worsens outcome by 0.4--0.8 points, while solanezumab's effect ranges from 1 point worsening to 0.5 point improvement. In contrast, for a patient starting at a high Aβ amyloid load of 8, corresponding to a SUVR well above 1.1, almost all interventions improve cognition (Fig. [6b](#Fig6){ref-type="fig"}) and most significantly at later time points. While solanezumab and GSI outperform placebo by about 1 point on the ADAS-Cog, BACE-I shows the biggest benefit nearing 2 points. This difference with placebo increases with higher baseline Aβ load for all three interventions (data not shown), but the effects saturate between 1.5 and 2.0 points on the ADAS-Cog. Note that the effects are generally dose dependent for both improvement and worsening for solanezumab and GSI, but not for BACE-I.Fig. 6**a** Simulated clinical outcomes in ADAS-Cog in a 78-week trial with mild-to-moderate AD patients with low amyloid baseline (amyloid load negative) after BACE inhibition (verubecestat), gamma-secretase inhibition (semagacestat) and solanezumab (Sola) antibody. Differences with placebo values shown. BACE-I results in a substantial worsening over the whole trial duration, with a somewhat lower negative effect of GSI and almost no effect of solanezumab. **b** Simulated clinical outcomes in ADAS-Cog in a 78-week trial with mild-to-moderate AD patients with medium to high amyloid baseline (amyloid load positive) after BACE inhibition (verubecestat), gamma-secretase inhibition (semagacestat) and solanezumab antibody. Differences with placebo values are shown. BACE-I improves cognition, with substantial benefit (1--2 points) at longer time points, while GSI has a smaller dose-dependent response (1--1.5 points). Note that higher BACE inhibition is less beneficial. Solanezumab, on the contrary, has a modest dose-dependent clinical benefit (0.5--1 points) ADAS-Cog Alzheimer Disease Assessment Scale, cognitive subscale, BACE-I BACE inhibitor, GSI gamma-secretase inhibitor, wks weeks

These effects, both in the negative and positive directions for all three compounds, become more pronounced when *x*~0~ = 4; that is, when the position of optimal Aβ40-mediated protection is higher than the cutoff value. Therefore, comparing the model outcomes with actual clinical data on patients from the different trials with their individual amyloid level might further constrain the model parameter x~0~.

The data suggest a 'sweet spot' for modulating Aβ40. Starting from low baseline levels of Aβ, reducing Aβ40 has a negative effect because the stimulatory Aβ40 effect that dominates the negative Aβ42 effect is lost. Because solanezumab does not affect Aβ40 as much, it has a modest beneficial effect on cognition relatively independent of the baseline amyloid load.

These results have been simulated in a situation without standard-of-care medication. Pharmacodynamic interactions with Aβ can be expected as donepezil, by extending the half-life of ACh, affects both α~4~β~2~ and α~7~ nAChR. Donepezil addition worsens the cognitive readout by 0.2 points for all interventions for low Aβ starting levels, but slightly improves the outcome for BACE inhibition with about 0.5 points for high Aβ baseline levels (data not shown). This illustrates the complex nonlinear interaction between neurostimulatory vs neuroinhibitory properties of the different amyloid forms.

Discussion {#Sec13}
==========

This report describes a computer-based quantitative systems pharmacology model of the impact of low-order Aβ40 and Aβ42 aggregates with their differential neurophysiological effects on glutamatergic and nicotinic neurotransmission in a cognitive calibrated ADAS-Cog model. Great care is taken to constrain the parameters with three independent clinical datasets. To our knowledge this is the first time that the biological effects of Aβ peptides on processes relevant for cognitive outcome are explicitly modeled to simulate the outcome for different therapeutic amyloid modulating interventions, starting from their respective pharmacodynamic changes on Aβ levels.

The model assumes that small-order oligomers (dimers, trimers) but not aggregated forms affect synaptic plasticity and neuronal function \[[@CR38], [@CR39]\]. A number of biological targets for oligomeric Aβ have been identified (for a review see \[[@CR40]\]). We chose here only two, NMDA-R \[[@CR41]\] and α7 nAChR \[[@CR24]\], as they are directly linked to cellular excitability and action potentials which in turn drive cognitive changes. Later versions could incorporate other targets such as the effect of Aβ on A-type K^+^ channels \[[@CR42]\] and the upregulation of 5-HT~1A~ by Aβ40, but not Aβ42 \[[@CR43]\] and the neuronal calcium dysregulation \[[@CR44]\], to obtain a more comprehensive view of Aβ effects on neuronal dynamics.

Experimental studies suggest that dimers, trimers, tetramers and octamers all affect cognition \[[@CR45], [@CR46]\]. Furthermore, Aβ could interact with the glutamatergic systems in a number of ways. Studies in transgene mouse models and AD brains have found that plaque load is correlated with lower expressions of VGLUT1 \[[@CR47]\]. The model further assumes linear effects of therapeutic interventions by amyloid-lowering agents. While this might be appropriate for BACE inhibition or GSI because blocking the synthesis of Aβ has a direct effect on the formation of oligomers, it might not be the case for antibody-related interventions, as they might affect various components in the aggregation pathway. In this case, a more detailed mechanistic model of Aβ aggregation and the impact of different affinities of the antibody might be needed \[[@CR48], [@CR49]\].

Here we implement the differential interaction on the paired pulse amplification or reduction in an in-vitro slice electrophysiology \[[@CR5], [@CR50]\] by introducing an Aβ species-specific effect on excitatory--excitatory NMDA conductance. A more detailed computational model explores a different mechanism of Aβ oligomer-induced NMDA dysfunction \[[@CR51]\].

The simulations suggest that the contribution of Aβ-mediated glutamate conductance changes on cognitive outcome tends to decrease with more advanced pathology. Also, the effect of glutamate conductance change on the system outcome is more sensitive to APOE4 load at earlier stages of the pathology, but reverses at more severe AD pathology (i.e., greater effect in APOE4^--/--^ carriers). There is indeed evidence that APOE4-associated effects play a more important role early in the disease; that is, by determining the age of onset \[[@CR52]\], rather than the progression of the disease \[[@CR19], [@CR32], [@CR53]\]. This also suggests that the effect of APOE4 genotype on Aβ clearance and synaptic dysfunction becomes less important as the disease progresses.

Importantly, when removing the neuroprotective nature of Aβ40 on Glu neurotransmission (by fixing the maximal effect δ at 0), the model generates outcomes that are incompatible with clinical observations such as the ADAS-Cog average values for MCI subjects, the differential sensitivity of Aβ-- vs Aβ + MCI subjects to scopolamine and the impact of APOE on slopes of cognitive worsening in untreated AD patients. This suggests that in the human AD condition, shorter Aβ isoforms (here represented by Aβ40) might be beneficial which might explain the limited clinical response for the different amyloid-modulating therapeutic interventions.

With the parameter values that reproduce the clinical observations on APOE trajectory, absolute ADAS-Cog values for Aβ + and Aβ-- MCI subjects and scopolamine effects in MCI, the computer model suggests that the modest effects of various amyloid-modulating interventions on the ADAS-Cog are highly dependent upon the starting amyloid load. For patients starting out with low baseline Aβ load, reducing Aβ40 and Aβ42 indiscriminately worsens cognition as the stimulatory effects of Aβ40 outweighs the inhibitory effects of Aβ42. In contrast, subjects starting out with high amyloid baseline all improve when amyloid is reduced, but even then the maximal benefit is around 0.8 points for solanezumab (in line with clinical data \[[@CR54]\]) while optimal doses of BACE-I can result in benefits of up to 2 points. The model also explains why many of the amyloid-modulating agents work well in transgene animal models where a high level of amyloid is artificially generated to accelerate the pathology.

For studies relying on clinical diagnosis and not using enrichment based on amyloid load, it has been suggested that up to 1/3 of 'Alzheimer' patients had an Aβ level below the SUVR cutoff value, especially in the non-APOE4 carriers as found in the phase III bapineuzumab trials \[[@CR55]\]. Therefore, if the trial does not specifically enrich for amyloid-positive subjects, the model suggests essentially that group average would not be different from placebo.

A major unresolved issue is the significant clinical worsening of the GSI semagacestat \[[@CR56]\], where a 1.4 point worsening on the ADAS-Cog has been detected. The model with the parameter settings constrained by the clinical data predicts only a modest worsening (0.80 points) for subjects with low Aβ load. This is likely due to the modest level of target engagement as BACE inhibition at 95% can easily generate a 2 point worsening in subjects with low Aβ load. The way we bring in the pharmacodynamic effect of GSI on low-order Aβ aggregates is likely incomplete and a more complex mechanism needs to be developed, such as the Aβ rebound \[[@CR57]\] with GSI but not gamma-secretase modulators, more complex enzymatic biphasic kinetics \[[@CR58]\] or even its pseudoinhibition character \[[@CR59]\].

The model also suggests that the impact of Aβ on α7 nAChR is much more limited than the effect on the glutamatergic system. The relation between Aβ and α7 nAChR is complex. In a study of 29 elderly clergy, irrespective of cognitive status, higher amyloid plaque load was associated with elevated expression of α7 nAChR \[[@CR60]\], which could be explained by a compensatory upregulation after chronic inhibition \[[@CR61]\]. The relevant coupling parameters between α7 nAChR activation and the impact on presynaptic glutamate release are derived from the neurophysiology of AChE-I and have been calibrated with ADAS-Cog outcome. The limited contribution of this process to global cognition would be in line with the modest clinical results of α7 nAChR modulators \[[@CR62]\] in general and ABT-107 and TC-5619 in AD. The relatively strong positive effect observed with enicicline or EVP-6124 in AD \[[@CR63]\] might also be due to the additional 5-HT3 antagonism pharmacology of this clinical candidate \[[@CR64]\].

There is a vast literature about the effects of APOE on Aβ load, with the consensus that APOE4 carriers have higher amyloid load \[[@CR65]\], probably because of a differential clearance of Aβ \[[@CR66]\]. We implemented this effect by setting the increase in Aβ40 and Aβ42 load to 1.5 units/13 weeks, 1 unit/week and 0.5 units/13 weeks for the APOE4^+/+^, APOE4^+/−^ and APOE4^−/−^ genotype, respectively. Interestingly, other genotypes such as the C667T SNP of the LRP-1 gene might additionally affect Aβ load \[[@CR21]\]. In addition, we assumed a 20% increase in synaptic density for APOE4^−/−^ carriers and a 20% decrease for APOE4^+/+^ carriers as compared to the 'wild-type' APOE4^+/−^ genotype \[[@CR31]\]. These results are mostly obtained in transgene animal models and are not found in postmortem AD brain \[[@CR67]\], although findings in human studies might reflect final stages of the disease and not fully take into account the differential vulnerability of synapses in different APOE genotypes.

The model simulations suggest that the biggest slopes of ADAS-Cog deterioration as a function of the effect of Aβ on glutamate neurotransmission arises for an interval of 10--35 weeks. Because removal of Aβ oligomers by vaccination strategies or enzyme inhibition would improve glutamate conductance, this suggests that the biggest impact of these therapeutic interventions might be in that timeframe. Interestingly the biggest improvement in the highest dose of a small aducanumab trial was observed between 26 and 52 weeks \[[@CR68]\].

The effect of Aβ load on cognitive performance after scopolamine outcome in MCI patients suggests that the system is more sensitive to muscarinic receptor antagonism at higher Aβ baseline, in line with clinical data \[[@CR18]\]. Further sensitivity analysis shows that this effect is present for a range of coupling parameters, with a slightly bigger impact of the coupling with α7 nAChR. This is probably due to the fact that scopolamine is a strong presynaptic M2 mAChR autoreceptor inhibitor, leading to higher levels of ACh and indirectly affecting the activity of nicotinic ACh receptors. Whether this has important consequences for possible pharmacodynamic interactions between cholinergic medications such as AChE-I and amyloid-modulating interventions needs to be studied in more detail. Further expansion of this model to take into account the effect of neuronal activity on APP synthesis \[[@CR69]\] can further provide insights into the unexpected pharmacodynamic effects of procholinergic treatment.

This model makes a number of predictions which could easily be tested based on clinical data from industry-sponsored trials, in which we anticipate that clinical response would be very different between AD patients with low vs high Aβ load at the start of the trial. We believe it is absolutely essential to test the predictive validity of this model, as the consequences are far reaching. In fact, the model when properly validated would strongly discourage testing amyloid-lowering agents in presymptomatic AD and elderly controls, even with APOE4^+/+^ genotypes, if they do not already have high amyloid load. A number of clinical studies with amyloid-lowering agents have already started using either passive \[[@CR70]\] or active vaccination \[[@CR71]\] based on the premise of stopping the 'neurotoxic' effects of Aβ before they start. As the model points out, Aβ physiology is considerably more complex and some Aβ forms might provide beneficial effects, suggesting that early interventions would actually worsen cognitive outcome.

There are a large number of limitations in the model. A key assumption in this model is the lack of direct neurotoxicity from Aβ in the human brain. There are no data on the direct relation between amyloid accumulation and brain volume loss, as many other processes (which we do not model) such as neuroinflammation and tau pathology triggered by higher Aβ levels might drive cellular neurotoxicity. Note that the QSP model already indirectly assumes a linear loss of synapses and neurons over time \[[@CR16]\]. Many APP overexpressing mouse models with high levels of plaque load do not show overt neurotoxicity or synapse loss. For instance, in a traumatic brain injury model of controlled impact, the gamma-secretase inhibitor semagacestat reduces Aβ load, but not synaptic density loss \[[@CR72]\]. Likewise, region-of-interest imaging in cognitively normal subjects shows differences in hypometabolism but not atrophy in Aβ + vs Aβ-- subjects \[[@CR73]\] and tau PET imaging is correlated much more with cortical atrophy than Aβ load \[[@CR74]\].

Another challenge is to link the calculated level of aggregated Aβ forms in the computer model to some clinical experimental amyloid imaging load, such as a standardized uptake value ratio (SUVR) with a PET imaging tracer. In this study, we defined a relationship between the SUVR and 'units' of Aβ load based on cognitive readouts in Aβ + and Aβ-- MCI subjects. While this allowed us to link the SUVR threshold to a cutoff value in units of Aβ load, we assumed a linear relationship above and below this cutoff value. However, to improve this simplistic assumption, we need to bring in the affinity of the tracers for the various forms of Aβ and expand the model to take into account a spatial component. Both a three-compartment model with neurons and astrocytes, the perivascular system and cerebral vasculature \[[@CR75]\] and a detailed spatiotemporal model of cerebral vasculature and perivascular glymphatic clearance \[[@CR76]\] could serve as a good starting point. This would enable us to better constrain the Aβ progression over time and provide readouts that are better correlated with clinical observations. Another interesting issue is the relationship between SUVR measurement and the optimal Aβ40 level for its stimulatory effect, as this can define better criteria for patient selection. We showed that increasing the optimal Aβ40 level would amplify any negative outcomes of indiscriminate Aβ lowering, but this can only be determined from comparing the outcomes of the model with actual clinical studies.

Furthermore, we only simulate the dynamics of two forms of Aβ peptides, while there are presumably many more in the AD brain. For instance, the SILK studies also report on the dynamics of Aβ1--38 \[[@CR3], [@CR77]\]. The same reasoning applies to the recently discovered and potentially important η-amyloid \[[@CR78]\]. Once more detailed data on the neurophysiological effects of these amyloid species become available they can be included in the model. This version of the model essentially considers two different generic Aβ peptides with differential neurophysiology and can therefore explore the rationale for gamma-secretase modulators that aim to reduce the level of neuroinhibitory long Aβ isoforms while increasing the level of shorter neurostimulatory Aβ isoforms \[[@CR79]\].

Moreover, the model does not address other pathological conditions that drive the cognitive deficit in the absence of amyloid, such as vascular or tau pathology. In principle, given enough information on the biology of these processes, QSP modeling could address these additional pathways, although this is beyond the scope of the present report.

In summary, this report is a first attempt to relate neurophysiological effects of Aβ peptides to cognitive readout in a comprehensive humanized computer modeling platform. The presence of an Aβ40-mediated neurostimulatory process in the human Alzheimer brain is supported by an extensive sensitivity analysis showing that this is necessary to explain three independent clinical datasets. Ideally as a prospective validation, the outcomes of this model should be compared to the changes in cognition for individual patients in a number of past and ongoing clinical trials, based on an estimate of their Aβ load and comedications. Once properly validated, such approaches could be extremely helpful for supporting clinical projects in amyloid modulation, including combination therapies of vaccination strategies, BACE inhibitors and gamma-secretase modulators, and providing guidance to identify a responder patient population.

Conclusion {#Sec14}
==========

Using advanced mechanism-based computer modeling we integrated preclinical and clinical data to generate a model for the effects of Aβ changes on cognition in Alzheimer patients. A biphasic dose--response with a neurostimulatory dose range for the shorter Aβ forms was necessary to explain three different clinical datasets.

When this model was applied to reported pharmacodynamic changes with three Aβ therapies in clinical trials, the model predicted a cognitive improvement only for patients with high Aβ load, but a worsening of cognition for patients with zero or low Aβ load. If these predictions can be confirmed by post-hoc analysis of failed clinical trials, this questions the rationale for testing Aβ therapies in presymptomatic subjects with low or zero amyloid load.

AChE-I

:   Acetylcholinesterase inhibitor

AD

:   Alzheimer's disease

ADAS-Cog

:   Alzheimer Disease Assessment Scale, cognitive subscale

APOE

:   Apolipoprotein E

APP

:   Amyloid precursor protein

Aβ40

:   Amyloid-beta 1--40

Aβ42

:   Amyloid-beta 1--42

mAChR

:   Muscarinic acetylcholine receptor

MCI

:   Minimal cognitive impairment
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:   Nicotinic acetylcholine receptor

NMDA

:   *N*-methyl-[d]{.smallcaps}-aspartate

QSP

:   Quantitative systems pharmacology
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